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effective predictors of intervention response. While behavioral literature has identified
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core cognitive characteristics of response, the distinction of reading versus executive
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cognitive contributions to response profiles remains unclear, due in part to the difficulty of
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segregating these constructs using behavioral outputs. In the current study we used
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functional neuroimaging to piece apart the mechanisms of how/whether executive and
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reading network relationships are predictive of intervention response. We found that
readers who are responsive to intervention have more typical pre-intervention functional
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interactions between executive and reading systems compared to nonresponsive readers.
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These findings suggest that intervention response in dyslexia is influenced not only by

Intervention

domain-specific reading regions, but also by contributions from intervening domain-

fMRI

general networks. Our results make a significant gain in identifying predictive bio-
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markers of outcomes in dyslexia, and have important implications for the development

Intervention response prediction

of personalized clinical interventions.
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1.

Introduction

Dyslexia is the most prevalent learning disorder, estimated to
affect 6e17% of the population (Fletcher, 2009); it is characterized by impaired word reading deficits despite intact
cognition and adequate instruction (Lyon et al., 2003). Though
studies have identified key interventional targets for dyslexia,

current interventions are ineffectual for approximately 2e3%
of readers with dyslexia (Mathes et al., 2005). These intervention limitations are due in part to inconsistent behavioral
profiles of response prediction (Al Otaiba & Fuchs, 2002; Cho
et al., 2015; Fletcher et al., 2011; Miciak et al., 2014, 2015;
Stuebing et al., 2015). While studies have identified core
reading characteristics that predict responsedincluding
phonological awareness, knowledge of the alphabetic
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principle, rapid naming of words, and demographics (Fletcher
et al., 2011; Nelson, Benner, & Gonzalez, 2003)dthe extent to
which response is dependent on baseline executive functions
is unclear. The distinction between reading versus executive
contributions to prediction is critical, as the answer addresses
a fundamental question on the nature of intervention
response in learning disabilities: do responsive learners simply have greater baseline cognitive efficacy in domain-specific
skills (e.g., reading, math, etc.), or do they have a more intact
executive “scaffold” (e.g., working memory, meta-cognition,
and planning ability) that provides support for domainspecific skills?
The distinction between executive versus reading contributions consequently has large implications for the development of effective interventions, and potential for identifying
additional population sub-groups. Notably, developmental
research appears to report paradoxical findings in regard to
executive function and its role in educational gains. Broader
behavioral studies on school readiness have found that executive functions are indeed critical predictors of school
readiness and achievement (Blair & Razza, 2007; Diamond,
2013; St Clair-Thompson & Gathercole, 2006). However, executive function ability is generally not considered to be a good
predictor of dyslexia intervention response, with domainspecific skills instead being the best predictors (Cho et al.,
2015; Miciak et al., 2015; Stuebing et al., 2015). This discrepancy has partially been attributed to the fact that the extent of
executive function contributions may be concealed by overlapping variance with reading-related behavioral metrics
(Schatschneider, Fletcher, Francis, Carlson, & Foorman, 2004;
Stuebing et al., 2015; Wagner, 1996). This explanation ties
nicely into recent work in the psychiatric literature that provides a more nuanced explanation of how executive function
may relate to other cognitive functions. This literature has
revealed that the interaction between executive and other
cognitive systems, rather than executive ability alone, is what
engenders positive behavioral outcomes (Cole, Anticevic,
Repovs, & Barch, 2011; Cole, Repov, & Anticevic, 2014). Thus,
as applied to learning outcomes, neuroimaging allows for a
window into executive function and reading relationships
that may otherwise be obscured, particularly how executive
functions may facilitate reading systems,2 and, in this case,
how such coordination may predict intervention response in
dyslexia. Such knowledge may be critical for understanding
how executive systems play a role in intervention response
and academic growth more generally.
Previous work in neuroimaging that has examined baseline activation/structure in responders and nonresponders
overall characterizes responders as having more intact
reading systems that are more like typically developing
readers (Farris et al., 2011; Rezaie et al., 2011b, 2011a),
including some possible evidence to suggest that responders
recruit compensatory right inferior frontal gyrus (IFG; Farris,

2

Heretofore we use “reading systems” or “reading networks” to
refer to brain areas that are known to contribute to, but may not
be specific to, reading, including the putative visual word form
area, and areas in the canonical left-lateralized language network
such as inferior frontal and middle temporal gyri (see Methods for
specific information).
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Ring, Black, Lyon, & Odegard, 2016; Hoeft et al., 2011). However, no one has tested the hypothesis that these more typical
reading network connections may be traced to greater utilization of a top-down executive scaffold. In the current study,
we apply the concept that the interaction of executive systems with reading systems may also be important for academic outcomes. Specifically, we used functional magnetic
resonance imaging (fMRI) to examine neurobiological network
interactions that predict intervention response. This approach
allowed us to move beyond general patterns of response
prediction (as have been characterized by Farris et al., 2011;
Hoeft et al., 2011; Rezaie et al., 2011a, 2011b; for review see
Barquero, Davis, & Cutting, 2014), and specifically test whether
responders have greater baseline utility of executive systems
to facilitate activation of typical reading networks. Of particular relevance to the current study was the potential contributions of the frontoparietal control network (FPN)da neural
system known to subserve executive functions including
working memory, cognitive control, and attention (Cole,
Repov, & Anticevic, 2014; Ptak, 2012). Higher integrity of the
FPN has been found to be predictive of better clinical outcomes in neural vulnerabilities in the neural disorder and
psychiatric literature (Borstad, Choi, Schmalbrock, & NicholsLarsen, 2016; Cole et al., 2011). The convergent implication of
the FPN across highly disparate disorders has led some to
suggest that a healthy FPN regulates other neural systems in a
goal-directed manner in both typical and pathological states;
worse clinical outcomes may consequently reflect both a primary, disease-specific neural deficit and a secondary failure of
the FPN to direct the vulnerable systems (Cole et al., 2011,
2014).
The involvement of the FPN in reading and dyslexia is not
unfounded. Behavioral models of word reading offer a few
possibilities for when executive areas would be necessary in
directing reading processes. For instance, Balota's two-part
verification model of lexical decision-making suggests that
a reader must engage in executive processes if the familiarity/meaningfulness of a word-form is insufficient to resolve a
word-form (Balota & Chumbley, 1984), and more generally
that attention processes regulate the necessarily flexible
pathways that support lexical access across varying task
demands (Balota, Paul, & Spieler, 1999). Recent neuroimaging
work (not in the context of intervention) has connected
subcomponents of these word-reading attentional control
processes to areas in the FPN (Ihnen, Petersen, & Schlaggar,
2015), and additional studies have pointed to FPN differences as a marker of dyslexia (Finn et al., 2013; Koyama et al.,
2013; Norton et al., 2014). These latter studies include findings of internal connectivity reductions within the FPN in
dyslexia (Finn et al., 2013; Koyama et al., 2013), as well as
aberrance of specific structures within the FPN. In particular,
the left dorsolateral prefrontal cortex (dlPFC)da structure
associated with working memory and the top-down planning/organization of information (Reynolds, O'Reilly, Cohen,
& Braver, 2012)dappears to be linked to reading ability.
Although not highlighted in their findings, in a seminal study
Shaywitz et al. (1998) found overactivation of dlPFC in readers
with dyslexia. Others, however, have found that children
with dyslexia have different patterns of anomalies in the
dlPFC, including hypoactivation compared to reading-
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matched controls during a phonological decision task
(Kovelman et al., 2012); hypo-connectivity between dlPFC and
occipitotemporal cortex (OT; Vogel, Miezin, Petersen, &
Schlaggar, 2012); and decreased gray matter related to the
interaction of reading delay and family risk of dyslexia
(Raschle et al., 2015). Consequently, convergent findings
provide evidence for a key role of the FPN, and more specifically the dlPFC, in the neural profile of readers with dyslexia.
However, no studies to date have examined the role of the
FPN in response prediction, or how the FPN may interact with
reading areas impacted by dyslexia, namely, OT, left IFG, and
other left temporoparietal areas (Maisog, Einbinder, Flowers,
Turkeltaub, & Eden, 2008; Richlan, Kronbichler, & Wimmer,
2009).
Given previous findings that (1.) in the early-childhood
cognitive literature, behavioral executive function measures
(including cognitive control measures linked to the FPN) predict a variety of academic outcomes (Blair & Razza, 2007;
Diamond, 2013); (2.) the FPN seems to have a role in
dyslexia; and (3.) recent clinical studies suggest that executive
systems mitigate clinical symptoms and outcomes in neural
and psychiatric disorders (Borstad et al., 2016; Cole et al.,
2011), the current study aimed to test the hypothesis that
the FPN may serve to mitigate poor reading outcomes in
dyslexia. More specifically, we hypothesized that the findings
within the psychiatric literature (Cole et al., 2011, 2014) would
extend to the realm of learning, such that compared to nonresponders, responders would be characterized by greater
pre-intervention interactions between nodes of executive and
typical reading networksdnot simply by reading network
connections alone. We additionally aimed to examine
whether these differences (if any) serve as compensatory
mechanisms (in which case the same connectivity differences
in responders versus nonresponders would also be evident in
responders versus typically developing readers), or simply
reflected a more normalized baseline network (in which case
the same connectivity differences in responders versus nonresponders would also be evident in typically developing
readers versus nonresponders). To examine our hypothesis,
we implemented a short-term, intensive intervention in
children with developmental dyslexia, and examined how
pre-intervention functional brain interactions between the
FPN and the typical reading network predicted intervention
response. Better understanding how executive systems may
interplay with reading systems in the context of response to
intervention in dyslexia could have significant implications
for the development of effective interventions and further
characterization of dyslexia. More broadly, it has implications
for understanding the role that executive systems may play in
academic outcomes.

2.

Materials and methods

2.1.

Participants

The current study consisted of a subsample from a larger
clinical trial (see ClinicalTrials.gov: NCT00624234), and included
native English-speaking children (n ¼ 45), ages 8e14 years, who
had either typical reading development (TD; n ¼ 19) or dyslexia

(DYS; n ¼ 26). All participants had no history of major psychiatric illness or developmental and/or genetic disorders, and
were required to have an IQ of 70 standard score. Of 19 TD
participants with scan data, 4 were excluded due to excessive
motion (see below). Of 26 DYS participants with scan data, 6
were excluded in total; exclusions were due to excessive motion (n ¼ 2), missing pretest scores (n ¼ 2), screening scores that
were incongruent with reported DYS history (n ¼ 1), and posttesting deemed invalid by the test administrator due to
extreme off task behavior (n ¼ 1). After exclusion criteria were
applied, final groups included n ¼ 37 subjects, with 22 DYS and
15 TD participants. Groups were matched in nonverbal IQ, age,
gender, handedness, executive function, and attention deficit
hyperactivity disorder (ADHD) diagnosis (1 participant in DYS
and 1 in TD had a diagnosis of ADHD; for full description of
behavioral comparisons, see Supplemental Table 1 and
Supplemental Material). Participants received compensation,
and all study procedures were carried out in accordance with
Johns Hopkins University and Vanderbilt University's Institutional Review Board.

2.2.

Criteria for DYS

To qualify for entry into the larger clinical trial (see Barquero,
Sefcik, Cutting, & Rimrodt, 2015; see ClinicalTrials.gov:
NCT00624234), DYS had to score <25%ile on 1 of three tests,
and TD had to score >35th %ile on two out of three tests and
27%ile on all three tests: Wechsler Individual Achievement
Test-II Word Reading Subtest (WIAT-II; Wechsler, 2005), Word
Attack (WA), or Letter Word Identification (LWID) of Woodcock Johnson-III Normative Update (WJ-III; McGrew, Schrank,
& Woodcock, 2007; Woodcock, McGrew, & Mather, 2001). To be
included for the current study, we applied further inclusionary criteria: DYS had to meet the clinical trial entry criteria, as
well as score 25th percentile on a composite measure of
word reading (WR-COMP) which consisted of the WIAT-II
Word Reading Subtest, Test of Word Reading Efficiency Phonemic Decoding Efficiency (TOWRE-PDE; Torgesen, Wagner, &
Rashotte, 1997), Word Identification and Spelling Test (WIST;
Wilson & Felton, 2004) Sound Symbol Subtest, and WJ-III Basic
Reading (BR); TD also had to meet the clinical trial entry
criteria as well as have a WR-COMP score >27%ile. Average
WR-COMP scores for the DYS group were 8th %ile, and the
average WR-COMP scores for the TD group were 53%ile
(p < .05; see Supplementary Table 1) and there was no overlap
between group scores on either WR-COMP or the WJ-III BR.

2.3.

Intervention and post-intervention testing

DYS participants were randomly assigned to one of two
tutorial reading interventions and received 15 h of one-to-one
instruction, administered over 3e5 consecutive days. Both
interventions
incorporated
systematically
structured,
research-based principles of reading instruction, largely
derived from OrtoneGillingham (Orton, 1937) methods. The
sequence of activities in each intervention was standardized
across participants, but the pace of instruction was modified
based on participant needs. Treatment A emphasized a
multisensory approach to strengthen sound-symbol correspondence, using a combination of visual, auditory, and
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kinesthetic/tactile strategies to teach phonological awareness
and sound-symbol correspondences. Treatment B focused
upon building word-reading skills through repetition, using
visual strategies to train sound-symbol correspondences to
the point of automaticity.3
As found in the larger intervention study, there were significant behavioral gains related to intervention (see
Supplemental Table 1; Supplemental Fig. 1; Supplemental
Material) on our primary outcome measure (WJ-III BR).
Consistent with the larger clinical trial in which WJ-III BR was
the primary outcome measure (Barquero et al., 2015), responders (DYS-R) and nonresponders (DYS-NR) were defined
based up on a median split of change scores on WJ-III BR (BR ss
change median score ¼ 2). A median split definition of groups
has previously been employed in neuroimaging of reading
intervention studies (e.g., Davis et al., 2011; Simos et al., 2007).
For details on behavioral group profiles for DYS-R and DYSNR, see Supplemental Table 1.

2.4.

fMRI task

The current study was interested in examining functional
activation and connectivity patterns related to the naturalistic
gains of the interventiondi.e., non-manipulated word and
pseudoword reading. As such, during the fMRI scan, participants viewed individual words that appeared in the center of
the screen. As in Cutting et al. (2013), the stimuli consisted of
real words (80%) and decodable pseudowords (20%). Pseudowords were included as low-probability, random stimuli for
the in-scanner lexical decision task. Because of the unequal
ratio of words to pseudowords, accuracy was calculated as A0 ,
a non-parametric measure of sensitivity that has been shown
to be more robust than d0 when performance may be biased
(Donaldson, 1993). Both real words and pseudowords ranged
from three to six letters in length. Each pseudoword was
created by replacing one letter of a decodable real word with
another letter to produce a decodable nonsense word. For
each stimulus, the participant decided whether it was a real
word (indicated by right-thumb button press) or a pseudoword
(indicated by left-thumb button press). This was an event
related design, with two separate runs. Each run consisted of
50 “words.” Stimuli were presented in random order, with
each stimulus appearing on the screen for 2000 msec, with a
jittered blank inter-stimulus interval ranging in duration from
1000 msec to 3000 msec (mean 2000 msec). For each trial, reaction time and accuracy (calculated using A0 ) were measured.
Multivariate analysis of variance (MANOVA) analysis revealed
that in-scanner accuracy (TD: mean ¼ .94, standard error
(SE) ¼ .04; DYS: mean ¼ .82, SE ¼ .03) and reaction time (TD:
mean ¼ 895.25, SE ¼ 32.39; DYS: mean ¼ 967.68, SE ¼ 26.11)
were non-significant for TD vs DYS [Wilks' L ¼ .83, F(2,
30) ¼ 3.12, p ¼ .06]. Two subjects had missing in-scanner
3

As found previously with a larger sample size in Barquero et al.
(2015), intervention efficacy for the two OrtoneGillingham based
intervention programs was equivalent (repeated measures analysis of variance (ANOVA) analysis showed no time  intervention
type effect: [F(1, 20) ¼ .06, p ¼ .82, h2p ¼ .003] and that intervention
response classification (responder/nonresponder) was not dependent on intervention type: F(1, 18) ¼ .04, p ¼ .83. Therefore, for all
analyses intervention type was not further considered.
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behavioral data due to operator error. During each run, three
10 sec periods of crosshair fixation were included. This period
of time in addition to jitter totaled to 130 sec of implicit
baseline per run.

2.5.

fMRI acquisition

All fMRI scans were acquired at either the Kennedy Krieger
Institute (KKI) in Baltimore, Maryland, United States, or at
Vanderbilt University Institute of Imaging Science (VUIIS) in
Nashville, Tennessee, United States, on a 3.0 T Philips Achieva
MR scanner with an 8-channel head coil (see Supplemental
Table 2 for participant demographics per site). Functional
imaging used a single-shot echo planar sequence to acquire 40
slices (transversely oriented, ascending order, 3 mm thick
with a 1-mm interslice gap). Task sessions consisted of 2 runs,
each 3 min and 40 sec (94 dynamics per run). Other relevant
imaging parameters for the functional images are echo time
(TE) ¼ 30 msec (for optimal BOLD contrast at 3T), 75 flip angle,
repetition time (TR) ¼ 2200 msec, field of view (FOV)
240  216  159 mm, and a reconstruction matrix size of
128  128 yielding 1.88  1.69  3.00 mm voxels. All analyses
included site as a covariate.

2.6.

fMRI data analysis

All functional data were analyzed using MATLAB 2013a (The
MathWorks, Natick, Massachusetts, United States) and SPM8
(http://www.fil.ion.ucl.ac.uk/spm/). At the individual level,
functional data were corrected for slice timing, aligned to
the mean functional image, normalized to MNI space using
the EPI template, and spatially smoothed with an 8-mm full
width at half maximum (FWHM) Gaussian filter. Motion
related outlying volumes for each participant were identified
using Artifact Detection Tools (ART; Whitfield-Gabrieli, 2009,
http://www.nitrc.org/projects/artifact_detect/). Using a motion threshold of 3 mm translation and 3 rotation, participants with 20% of the total volumes exceeding this
threshold in a run were excluded from analyses. A total of 4
TD and 2 DYS subjects were excluded due to excessive
motion. There was no significant difference in global mean
signal change [t(35) ¼ .56, p ¼ .58] or total outlier percentage
[t(35) ¼ .22, p ¼ .83] between TD and DYS. The first-level
event-related model included estimated hemodynamic
response (HRF) for each condition, six motion parameters
(translational and rotational x, y, z), and outlying volumes as
determined by ART; motion-related parameters were added
to the design matrix as regressors of no interest. Individual
contrast maps were created to establish relative activation
for the task condition, single word reading (words and
pseudowords) versus baseline. To account for multiple
comparisons, Monte Carlo simulations were performed for
all analyses, using AFNI 3dClustSim to find appropriate
cluster-correction values for p-values equivalent to <.05
(using p ¼ .005 height threshold, compilation date in 2016).

2.6.1.

Group-level region of interest (ROI) analysis

Region of interest (ROI) analyses were performed to compare
DYS-R and DYS-NR groups. Additionally, to address concerns of dichotomization of near-median data points, ROI
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analyses also explored activations that corresponded with
the continuous measure of response (covariate analyses
with the WJ-III BR change in standard score). ROIs were
selected in the traditional left-lateralized reading network
that have previously been found to be associated with wordlevel reading in TD (Price, 2010, 2012), and included: left IFG,
left middle temporal gyrus (MTG), left superior temporal
gyrus (STG), left angular gyrus (AG; including BA 39), left
supramarginal gyrus (SMG; including BA 40), left fusiform,
and the putative visual word form area (pVWFA; sphere with
6 mm radius centered at MNI coordinates of [42, 54, 17];
Bach, Richardson, Brandeis, Martin, & Brem, 2013) located
within the fusiform gyrus. For the FPN node, we additionally
tested a seed in the left dorsolateral prefrontal cortex (dlPFC)
that has previously been associated with both working
memory and reading ability (identified by masking reading
activations with the Neurosynth working memory metaanalysis image; Aboud, Bailey, Petrill, & Cutting, 2016;
Yarkoni, Poldrack, Nichols, Essen, & Wager, 2011). Supplemental analysis revealed that the left dlPFC seed significantly correlated with the FPN and not with the TD reading
network, indicating that the left dlPFC seed was appropriately characterized as an executive function area (see
Supplemental Material). With the exception of the pVWFA
and dlPFC, all ROIs were defined anatomically using the
Automated MNI Atlas Label (AAL) and TD Brodmann in the
WFU PickAtlas toolbox (http://fmri.wfubmc.edu/research/
PickAtlas). All analysis of covariance (ANCOVA) analyses
included scan site as a covariate of no interest.

2.6.2.

Connectivity analysis

Connectivity analysis was performed using SPM8 conn
toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012). Seed regions were derived from ROI activations that were significant
in the TD activation map (see general linear model (GLM) results and Table 1). For each seed, voxel time-series were
extracted and averaged. Word stimuli were modeled as
events. Confounding signals were estimated from white
matter and CSF (derived from T1 images) through the CompCor method (Behzadi, Restom, Liau, & Liu, 2007); the CompCor
output, motion outliers and six movement parameters (as
determined by ART) were regressed out from all ROI time series, and a high-pass filter of .008 Hz was applied. To remove
correlations driven by general, task-related co-activations
(e.g., onset/offset effects), task effects and their first temporal

Table 1 e Seed regions used in connectivity analysis.
Seed

pVWFA
Left dorsal IFG
(45, 44)
Left dorsal MTG
Left ventral IFG/
insula (45/47)
Left ventral MTG
Left DLPFC

MNI
coordinates

Observed function

x

y

z

44
54

56
8

20
24

Orthographic processing
Phonological processing

50
36

44
26

8
4

Phonological processing
Semantic processing

64
52

42
10

14
30

Semantic processing
Cognitive control

derivative were also removed from the signal (WhitfieldGabrieli & Nieto-Castanon, 2012), an approach that has been
referred to as “background connectivity” analysis (Al-Aidroos,
Said, & Turk-Browne, 2012; Westphal, Wang, & Rissman,
2017). Linear detrending and despiking algorithms were
additionally applied. For every subject, bivariate correlation
maps were generated for each ROI, and converted to Fisher's
z-scores. All results were run using a mask that included
traditional left-lateralized reading areas (listed above) as well
as their right hemisphere homologs that have been previously
implicated as potential compensatory circuits in DYS (right
IFG, right MTG, right STG, and right fusiform; Hoeft et al., 2011;
Pugh et al., 2000; Shaywitz et al., 1998; Waldie, Haigh,
Badzakova-Trajkov, Buckley, & Kirk, 2013), and the FPN
(defined from Yeo et al., 2011). To identify group differences,
ANCOVA models were run comparing group correlation maps.

2.6.3.

Physio-physiological interaction analysis

To test the potential interaction effects of dlPFC activation and
reading network connectivity (see Introduction for hypotheses), a physio-physiological interaction analysis was run for
DYS-R versus DYS-NR. As described in Friston et al. (1997),
physio-physiological interaction analysis examines the
interaction effect between the time series of two seeds. In the
current analysis, we tested how the interaction effect of left
dlPFC and seed-of-interest time series predicted the voxel
time series for each voxel in the brain (e.g., how a one-unit
change in left dlPFC activation corresponded with left vMTG
whole-brain connectivity), as represented in the following
model:
y ¼ fb1 þ qb2 þ ðf  qÞb3 þ ε
where fb1 and Wb2 are the main effects of the left dlPFC and
the seed region of interest activations, respectively, and the
metric of interest is their interaction (f  W)b3 (Friston et al.,
1997). As in the direct connectivity metrics mentioned
above, group differences in interaction value maps were
identified using ANCOVA models.

2.6.4.

Additional analyses

ROI-to-ROI analyses were run to (a) confirm that the DYS
subgroup connectivity differences that we found were also
present when considering individual differences; e.g., in the
continuous measure of intervention response (WJ-III BR
standard score change) and (b) compare DYS subgroups to TD,
in order to address in particular whether DYS-R findings were
more indicative of compensatory or “normalized” baseline
networks.

3.

Results

To confirm expected pre-intervention deficits in DYS subgroups, pre-intervention activations in the reading task versus
implicit baseline were examined across groups using an
ANCOVA region of interest (ROI) analysis that modeled
response group and scanner site. As a first pass, initial characterization of each group via ANCOVAs confirmed expected
left-lateralized reading/executive activations in TD (e.g.,
pVWFA, left fusiform gyrus, left IFG, left MTG, and left dlPFC),
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previously implicated as a predictor of word reading
improvement in readers with dyslexia, potentially through
compensatory support mechanisms (Hoeft et al., 2011; see
Fig. 1 and Table 2; see Supplemental Fig. 3 for boxplot comparisons; see Supplemental Material and Supplemental Table
4 for significant differences in DYS-NR > DYS-R). Analyses
with the continuous measure further affirmed findings,
revealing that a greater reading change score (i.e., the
continuous measure of response) corresponded with greater
correlation between the left ventral MTG and right dorsal IFG
(see Table 2). With regard to TD comparisons, DYS-R showed
significantly greater connectivity than TD between left
ventral MTG and right dorsal IFG [DYS-R vs TD: F(24) ¼ 4.46,
p ¼ .0001], but TD showed similar connectivity to DYS-NR
(p > .05). Findings therefore point to the left ventral MTG to
right dorsal IFG correlations in DYS-R as a compensatory
mechanism.

and a reduced number of reading activations in the DYS
groups (e.g., activation in left fusiform only; see Supplemental
Fig. 2). Significant regions in TD (which were used as seed
regions for connectivity analyses) were consistent with previous literature on word reading (Price, 2012) and included: left
ventral IFG (vIFG), left dorsal IFG (dIFG), left ventral MTG
(vMTG), left dorsal MTG (dMTG), left pVWFA, and left dlPFC.
Direct statistical comparisons of the groups revealed findings
consistent with the literature, with significant activation differences observed only between TD and DYS-NR, with DYSNR showing reduced activation in left OT and left SMG (see
Supplemental Table 3). Additionally, covariate analysis using
our continuous measure of intervention response (WJ-III BR)
showed significant positive correlations between basic
reading change score and activation in left dorsal SMG/BA 40,
replicating findings from Rezaie et al. (2011; see Supplemental
Table 3). Consequently, both our group comparisons and our
covariate GLM findings were very much consistent with previous findings.

3.1.

Functional connectivity during single word reading

3.1.1.

DYS-R versus DYS-NR

3.2.

Physio-physiological interaction analysis

To examine whether left dlPFC plays a mediating role in less
efficient reading network patterns specifically in DYS-R, we
ran a physio-physiological interaction analysis for DYSR > DYS-NR. This analysis examined how increased activity in
a left dlPFC seed previously implicated in reading ability
(Aboud et al., 2016) predicted connectivity of functional

Comparisons of DYS-R and DYS-NR revealed that DYS-R had
significantly greater connectivity than DYS-NR between the
left ventral MTG semantic seed and right dorsal IFG, a region

Fig. 1 e Left ventral MTG has greater connectivity to right IFG in DYS-R > DYS-NR. (a) In DYS-R > DYS-NR, left ventral MTG
activation correlates with right IFG activation, an area which has previously been implicated in long-term reading gains
(Hoeft et al., 2011). (b) Scatterplot of intervention response (BR ss change) and direct connectivity between the left ventral
MTG and right IFG regions. Results displayed at p-corrected < .05 (p-uncorrected <.005; k ¼ 107).

Table 2 e Functional connectivity clusters within ROI and FPN mask for DYS-R > DYS-NR (p-corrected < .05). r values are
reported for the correlation between ROI-to-ROI z-transformed connectivity and BR ss change scores.
Seed region
DYS-R > DYS-NR
pVWFA
L dIFG
L dMTG
L vIFG
L vMTG
L dlPFC

Whole-Brain
Correlation Regions

n.s.
n.s.
n.s.
n.s.
R IFG
n.s.

MNI Coordinates
x

y

z

e
e
e
e
40
e

e
e
e
e
8
e

e
e
e
e
30
e

k

Max T

BA

r

e
e
e
e
320
e

e
e
e
e
4.37
e

e
e
e
44
e

e
e
e
.52
e
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connectivity analysis. Significant interaction differences in
DYS-NR > DYS-R are reported in Supplemental Material and
Supplemental Table 5.

3.2.1.

change score also corresponded with greater correlation between the left vMTG and left IPL (see Table 3 for
descriptive values). With regard to TD comparisons,
DYS-R was not significantly different from TD (p > .05),
but TD was also significantly different than DYS-NR
[TD vs DYS-NR: F(21) ¼ 3.67, p ¼ .0007]. Thus, results
point to more typical (rather than compensatory) interactions between reading and executive networks in
DYS-R.
(2) Left dlPFC activation corresponds with increased correlations
between left vIFG and (1.) right IFG and (2.) left IPL in DYSR > DYS-NR (see Table 3 and Fig. 2; see Supplemental
Figs. 5 and 6 for boxplot comparisons). Of note, the left
IPL area found in the interaction findings from the left
vIFG overlapped with the interaction findings from the

DYS-R versus DYS-NR

In DYS-R > DYS-NR, a one-unit increase of left dlPFC activation predicted increased connectivity from two of the reading
seeds (left vMTG and vIFG) to other reading areas.
(1) Left dlPFC activation corresponds with increased correlations between left vMTG and left inferior parietal lobule
(IPL) in DYS-R > DYS-NR (see Table 3 and Fig. 2; see
Supplemental Fig. 4 for boxplot comparisons). Analyses with the continuous measure of response further
affirmed findings, revealing that greater reading

Table 3 e Significant clusters in the physio-physiological interaction analysis for DYS-R > DYS-NR, with the left dlPFC seed
as the mediating variable (p-corrected < .05). r values are reported for the dlPFC-related change in correlation between ROIs
and BR ss change scores.
Seed region
DYS-R > DYS-NR
pVWFA
L dIFG
L dMTG
L vIFG
L vMTG
L dlPFC

Whole-Brain
Correlation Regions

n.s.
n.s.
n.s.
L IPL
R IFG
L IPL
n.s.

MNI Coordinates
x

y

z

e
e
e
46
52
46
e

e
e
e
48
28
40
e

e
e
e
54
28
34
e

k

Max T

BA

r

e
e
e
190
122
117
e

e
e
e
5.43
4.13
4.57
e

e
e
e
40
44, 46
40
e

e
e
e
.75
.50
.66
e

Fig. 2 e In DYS-R > DYS-NR, left dlPFC activation has greater interactions with reading network connectivity. (a) In DYSR > DYS-NR, a one-unit increase in dlPFC activation corresponds with increased correlations in the reading network,
including between left ventral MTG and left IPL (top), left IFG and right IFG (bottom), and left IFG and L IPL (not shown). (b)
The interaction effect seen in (a) is also reflected in a continuous measure of response, as shown by a scatterplot of
intervention response (BR ss change) and the interaction between dlPFC activation and connectivity between the seed areas
represented in (a). Results displayed at p-corrected <.05 (p-uncorrected < .005; k ¼ 107).

c o r t e x 1 0 1 ( 2 0 1 8 ) 9 6 e1 0 6

left vMTG seed. Analyses with the continuous measure
of response further affirmed results, revealing that
greater reading change score corresponded with greater
correlation between the left vIFG and right IFG (see
Table 3). Comparisons to TD revealed that DYS-R was
not significantly different from TD (p > .05), but TD was
significantly different than DYS-NR [TD vs DYS-NR:
F(21) ¼ 16.06, p ¼ .0001]. Thus, results point to more
typical (rather than compensatory) interactions between reading and executive networks in DYS-R.

4.

Discussion

In this study, we used functional connectivity interaction
analysis to identify baseline network predictors of intervention
response in dyslexia. We were specifically interested in
disambiguating whether responsiveness to intervention is
marked by greater baseline involvement of the frontoparietal
control network (FPN), an executive brain system that has been
implicated as a facilitator of neural health in domain-specific
systems, or is restricted to reading regions alone. We found
that intervention response is marked by greater preintervention utility of a key area in the FPNdleft dlPFCdin
supporting the reading network. Of note, these findings
represent patterns that remain even after tightly controlling
for ADHD, and thus reflect more subtle executive characterizations of responsiveness beyond comorbid attention problems. The current study consequently re-frames neural
resilience to learning disorders, such as dyslexia, in the context
of the presence or absence of an appropriate executive “scaffold”. By identifying neural circuits of intervention response,
the current findings take steps to help identify neurobiological
patterns of distinct reader subpopulationsdgroups which
likely have different interventional needs.
Direct comparisons of DYS-R and DYS-NR, as well as
continuous measures of response, revealed key differences
in executive and reading network interactions between the
DYS subgroups. Specifically, in DYS-R alone, the left dlPFC
(an executive seed specifically implicated in reading ability;
see Aboud et al., 2016) appeared to support greater
communication within the reading network. Interestingly,
examinations of DYS-R vs TD revealed that the use of this
executive scaffold may not be compensatory, but rather an
important interaction that marks DYS-R as more typical
than DYS-NR. Specifically, in DYS-R only, left dlPFC activation corresponded with increased correlations between left
vMTG/left vIFG semantic seeds and the left IPL. The left IPL
clusters mapped closely to coordinates that are functionally
and structurally reduced in readers with dyslexia (Hoeft
et al., 2007). In the context of word reading, this area is
thought to support phonological processing, as well as
mapping orthographic and phonological information (Celsis
et al., 1999; Price, 2012; Vigneau et al., 2006). The current
results point to a unique relationship in DYS-R, as compared
to DYS-NR, between left dlPFC activity and attainment of
stronger phonological-semantic communicationdprocesses
that are degraded in the face of poor orthographic representations of words (Perfetti, 2007).
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Functional interaction analysis additionally showed that
compared to DYS-NR, DYS-R had a unique correspondence
between the left dlPFC and bilateral IFG connectivity. Previous
studies that have examined reading network predictors of
intervention response indicate that direct correlations between bilateral IFG is critical for reading outcomes. Farris et al.
(2011; 2016) found that pre- and post-intervention connectivity between bilateral IFG distinguished both TD and DYS-R
from DYS-NR. The current findings point to a critical role of
the left dlPFC in facilitating these necessary, typical homotopic connections in DYS-R (and TD) groups, which are absent
in DYS-NR. Interestingly, comparisons of DYS-NR revealed
that nonresponsive readers are also primarily characterized
by interactions of the left dlPFC and reading areas (see
Supplemental Material). However, DYS-NR appears to recruit
the left dlPFC to support classic compensatory reading circuits
in the right hemisphere (Pugh et al., 2000; Shaywitz et al., 1998;
Waldie et al., 2013). Consequently, unlike the utilization of the
left dlPFC in DYS-R, these pathways do not result in increased
communication between canonical reading areas, possibility
reflecting less efficiency in DYS-NR.
The role of the right IFG in DYS-R appears to extend beyond
bilateral communication. Our direct connectivity measures
showed that DYS-R had compensatory correlations between
left MTG and right IFG as compared to DYS-NR and, in our
confirmatory analysis, TD. The structure and function of the
right IFG has previously been implicated in natural, long-term
reading gains in readers with dyslexia: work by Hoeft et al.
(2011) found that an overlapping right IFG area was highly
predictive of long-term outcomes of DYS readers (without
intervention). This included activation of right IFG and integrity of surrounding white matter tracts, specifically in the
superior longitudinal fasciculus. The authors suggested that
resilient readers rely on an alternate, compensatory righthemisphere pathwaydan interpretation that is supported by
findings that interventions improve activation in both left
hemisphere and homotopic right hemisphere reading structures, including the IFG (Eden et al., 2004; Shaywitz et al.,
2004).
Together, these results suggest that even before intervention, DYS-R exhibit both more typical and compensatory
network correlations compared to DYS-NR, including (1.)
greater typical interactions between the left dlPFC and the
reading network, and (2.) compensatory, direct correlations
between a semantic processing area and the right IFGda region consistently implicated in positive learning outcomes in
dyslexia.

5.

Conclusions and future directions

These results suggest a broader relationship between
educational resilience and FPN involvement in domainspecific processes. Recent work has highlighted this relationship in the context of mental health outcomes and suggests that the widespread cortical connections of the FPN
allow individuals to regulate the health of other neural systems (Cole et al., 2014). In this context, readers with high
intervention response may have more in-tact executive
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support of the reading network than nonresponsive readers.
Additionally, our findings offer an explanation as to the
seemingly paradoxical findings that executive function is
critical for learning on the one hand (Blair & Razza, 2007;
Diamond, 2013), but on the other hand has inconsistent
predictive validity for intervention response (Stuebing et al.,
2015): results suggest that these cognitive control networks
may not themselves in isolation be predictive of intervention
response. Rather, it is their ability to capitalize on interactions
with critical reading systems that is key. It is perhaps for this
reason that some of the most effective reading interventions
include executive components such as explicit strategy instruction and self-regulated learning (Wanzek, Wexler,
Vaughn, & Ciullo, 2010). We therefore propose that cognitive control systems play an essential, albeit a “behind the
scenes” role in resiliency in learning. In this context, behavioral measures of cognitive control would not powerfully
directly predict intervention responsiveness, nor would
training cognitive control systems in isolation result in far
transfer to academic domains e both of which have been
reported (Al Otaiba & Fuchs, 2002; Cho et al., 2015; MelbyLervåg, Redick, & Hulme, 2016; Stuebing et al., 2015). Rather,
the focus would need to shift in terms of how to strengthen
and facilitate connections and interactions between critical
cognitive control networks and reading systems that may
allow for alternate learning pathways. In particular, readers
who are non-responsive to traditional interventions may
benefit from existing interventions that emphasize both
reading and executive functions.
The current study has several limitations. First, the
intervention used in this study is short-term, and consequently, the gains seen likely do not reflect the ultimate
desired outcome of automation of intervention-supported
skills. Future studies will need to build upon the current
study by using varying intervention intensities and durations, as well as a larger sample size, in order to examine
how to best facilitate the interface between cognitive control
and reading networks. Additionally, the current study
examined functional patterns related to non-manipulated
word and pseudo-word stimuli. An important next step in
the examination of intervention response prediction will be
to manipulate dimensions of word reading (including
attention and working memory demands), to examine and
specify the nature of the executive and reading interactions
reported in the present paper. In particular, we would
anticipate that task difficulty (as captured, for instance, by
word familiarity/meaningfulness manipulation in a lexical
decision task; Balota & Chumbley, 1984) may be associated
with an increase in typical executive mediation of the left
language network in responders, but that nonresponders
would show increased reliance on right hemisphere,
compensatory homologs. A better understanding of reader
response to these manipulations will allow for more specific
intervention development. More broadly, empirical examination of the mediating role of cognitive control networks in
a variety of disorders is needed in order to fully understand
the potentially powerful role that cognitive control networks
may play in treatment response across different learning
and psychiatric disorders.
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